Turning machinability of aluminum alloy composites reinforced with carbon bers was examined using a carbide tool. Pitch-based short carbon ber was used as the reinforcement. The composites were fabricated by squeeze casting. Optical microscopy revealed that the bers were randomly arranged in the alloy matrix. The ber reinforcement decreased the hardness of the alloy. The ber reinforcement also decreased the cutting resistance of the aluminum alloy, and the resistance values of the composite was lower than that of a composite reinforced with short alumina bers. The roughness of the machined surface was signi cantly decreased by the ber reinforcement under every cutting condition. No carbide tool wear was observed even if the composite underwent a machining of 2 km, whereas the tool wear was clearly observed for the alumina ber-reinforced composite. These results indicated that the carbon bers in the alloy act as a solid lubricant. Chips formed by machining the composite were powdery, whereas the chips formed by machining the unreinforced aluminum alloy was long.
Introduction
Aluminum alloys have been used in many industrial applications as lightweight materials, because they have a low density and good oxidation resistance. However, their use in parts that require heat and wear resistance is limited because they have a poor strength and rigidity at high temperature, poor wear resistance and high thermal expansion. The reinforcement of the aluminum alloy with nonmetallic bers has been proposed in order to improve these properties. Carbon ber is one of the most widely used reinforcements because it has a low density, high strength, high rigidity, self-lubricant properties and low thermal expansion 1) . Particularly, the pitchbased carbon ber is more stable than the PAN-based carbon ber in the aluminum alloy melt; the PAN-based carbon ber easily reacts with the aluminum alloy melt to produce a mechanically and chemically unstable Al 4 C 3 [2] [3] [4] [5] [6] . This fact indicates that the pitch-based carbon ber is favorable as a reinforcement to fabricate a composite by the melt in ltration process. Although several investigations have been carried out on the microstructure [3] [4] [5] [6] , mechanical properties 4, 6) and thermal conductivity 7) of the pitch-based carbon ber reinforced aluminum alloy composites fabricated by the melt inltration process, there have been few studies that have investigated the machinability of the composite.
In a previous report, the author fabricated alumina ber-reinforced aluminum alloy composites, then clari ed that the cutting resistance during turning operations and machined surface roughness decreased due to the ber reinforcement 8, 9) . The replacement of the hard alumina ber with the carbon ber would decrease the cutting resistance, roughness, and tool wear due to its self-lubricant properties. That is, the machinability of the aluminum alloy can be improved by reinforcement with the carbon ber.
In this study, the turning machinability of the pitch-based short carbon ber reinforced aluminum alloy composite was examined based on the results of the cutting resistance, roughness of the machined surface, observation of the chip and tool wear. Based on these results, the effects of the carbon ber-reinforcement on the machinability of the aluminum alloy were considered.
Experimental Procedure
The Al-12Si-1Cu-1Ni-1Mg cast alloy (JIS-AC8A alloy) was used as the matrix metal. Pitch-based carbon ber was used as the reinforcement. The properties 10) of the ber are listed in Table 1 , and SEM micrographs of the bers are shown in Fig. 1 . In order to fabricate the brous preform, the carbon bers were mixed with polyvinyl alcohol (PVA) as the organic binder and SiO 2 sol as the inorganic binder. Subsequently, the mixture was pressed at ambient temperature using a cylindrical mold into a shape with a diameter of 50 mm and a height of 15 mm. This green compact then underwent a drying process at 458 K for 2 hours. Figure 2 shows the appearance and scanning electron image of the preform. The scanning electron image shows that the residual binder acts to connect the bers together and the bers are oriented in a random con guration in the preform. The ber volume fraction in the preform was controlled at 25 and 40 vol%. The composite was fabricated by squeeze casting. The preform was horizontally placed in the permanent mold, then the AC8A alloy melt at 1073 K was poured into the mold (preheated at 673 K). A pressure of 40 MPa was quickly applied and maintained until the solidi cation was complete. Figure 3 shows optical micrographs of the composites. The dark phases observed in the micrograph are the carbon bers. No agglomeration of the bers or porosity was observed in the composites, and the bers were in a random planar arrangement. The matrix of every composite was α aluminum (bright area observed in the micrographs) in which the ne eutectic silicon particles were mainly dispersed. The ber volume fraction in the composites (V f ) measured by the Archimedean method was 25 and 40 vol%, respectively, which are the same as those in the preforms before the melt in ltration.
The Vickers hardness of the composite with 25 and 40 vol% bers was 65 HV and 57 HV, respectively, while the hardness of the AC8A alloy was 90 HV; the hardness of the composite decreased as the V f increased.
The test pieces with 40 mm diameter were machined from the composites, then the machinability during the turning operations was examined by machining the surface of the test piece using a lathe. The dimensions of the cemented carbide tool and cutting conditions used in this study are shown in Table 2 . The cutting resistances (cutting force: F c and feed force: F s ) were measured using an elastic disc-type tool dynamometer incorporated into the lathe, and the roughness of the machined surface (maximum height of pro le, R z ) was measured by a laser scanning digital microscope. The chip morphology of the specimens were then observed. The width of the ank wear of the tool was measured by observing the ank of the tools after machining the composite. Figure 4 shows the F c as a function of the cutting depth (t) when the unreinforced AC8A alloy and composite with the 25 vol% carbon ber were machined at the cutting speed (v) of 150 m/min. The F c values of the 15 vol% short alumina ber-reinforced AC8A aluminum alloy composite (AFR) 9) were also listed in the gure as the comparative specimen. The alumina ber volume fraction of the AFR is smaller than the carbon ber-reinforced composite and it might not be suitable for the comparative specimen. The author 11) conrmed that the short alumina ber-reinforced composite exhibited the high temperature strength at the ver volume of 15% and the composite with higher volume fraction exhibited lower strength. Therefore, this composite was selected as the comparative specimen which has the high temperature strength. The F c was approximately proportional to the cutting depth for every specimen. Under every cutting condition, the F c decreased due to the ber reinforcement. Particularly, the F c of the carbon ber-reinforced composite (represented as Comp. 25) was lower than that of the AFR under every condition. The hardness of the AFR is 112 HV 9) , which is larger than that of the AC8A alloy; the F c does not depend on the hardness of the specimen. Since the machined area increases along with the feed rate, the F c increased as the feed rate (f) increased for every specimen. Figure 5 shows the relationship between V f and the F c (v = 150 m/min, t = 0.2 and 1.0 mm). The F c of the composite with the 40 vol% carbon ber was almost the same value as that of the composite with the 25 vol% carbon ber. This result indicates that V f has only a slight effect on the F c of the composite. For the relationship between V f and the F c , a similar tendency as shown in Fig. 5 was observed at the different values of the v and t. Figure 6 shows the relationship between the v and the cutting resistance (F c and F s ) when the AC8A alloy and composites are machined at the t of 1.0 mm. No signi cant change in the values of the cutting resistances along with the v was recognized for every specimen. For all the specimens, the F s was lower than the F c under every condition. As was the case with the F c , the F s of the composite was lower than that of the AC8A alloy. These tendency was also observed when the t was changed. Figure 7 shows the relationship between the t and the R z when the AC8A alloy and composites are machined (v = 150 m/min). The R z values of the 15 vol% short aluminaber-reinforced AC8A aluminum alloy composite 9) were also listed in the gure as the AFR to compare the values to that of the 25 vol% carbon ber-reinforced composite (Comp. 25). Although the R z values of the AC8A alloy increased as the t increased, no signi cant change in the R z values of the composites was observed as the t increased. The R z values of the composites were lower than those of the AC8A alloy for every cutting condition, and the values of the composite AFR and the carbon ber-reinforced composite were similar.
Results and Discussion
The R z values of the carbon ber-reinforced composites with 25 and 40 vol% were also similar, and the v hardly affected the R z values for every specimen. The theoretical roughness can be geometrically calculated from the nose radius of the cutting tool and feed rate 12) . It can be written as
where R th is the theoretical roughness and r is the nose radius. As shown in the Fig. 7 , the experimental values of the composites are only slightly higher than the R th of 1.65 μm at the feed rate (f) of 0.1 mm/rev (see Fig. 7(a) ) and almost the same value as the R th of 6.5 μm at the f of 0.2 mm/rev (see Fig. 7(b) ). SEM images of the machined surfaces of the AC8A alloy and composite (f = 0.1 mm/rev) are shown in Fig. 8 . While the machined surfaces of the AC8A alloy seemed to be plucked by the machining, the machined surfaces of the composite are smooth. For the composites, the t and v seem to have no observable effects on the features of the surfaces. Figure 9 shows the chip morphology of the AC8A alloy and composites obtained when the t, f and v were 1.0 mm, 0.1 mm/rev. and 150 m/min, respectively. It can be seen that the chips formed by machining the composite were powdery, whereas the chips formed by machining the AC8A alloy was long and continuous. It can be concluded that the bers in the composite drastically facilitated the division of the chips. This tendency was also observed when the cutting parameters described above were changed. Figure 10 shows the appearance of the tool edge after machining the AC8A alloy and composites a distance of 2 km (t = 0.1 mm, f = 0.1 mm/rev, v = 50 m/min). The appearance of the tool after machining the 15 vol% short aluminaber-reinforced AC8A aluminum alloy composite are shown in 9) along with that after machining the 25 vol% carbon ber-reinforced composite Fig. 10(b) . No ank wear of the tool after machining the AC8A alloy could be observed, and the tool edge was covered with dead metal (Fig. 10 (a) ) 9) . The existence of the dead metal indicates that a built-up-edge (BUE) is formed between the rake face of the tool and the workpiece. No ank wear after machining the carbonber-reinforced composite could be observed, and the tool edge was not covered with dead metal (Fig. 10 (b) ). Although the tool edge was not covered with dead metal after machining the alumina ber-reinforced composite as well, ank wear with the width of about 85 μm was observed (Fig. 10  (c) ).
Based on these results, the effects of the carbon ber-reinforcement on the machinability of the AC8A alloy was considered.
The formation of the BUE generally increases the surface roughness 12) . As shown in Fig. 10 , the BUE was clearly observed after machining the AC8A alloy, while it was hardly observed after machining the carbon or alumina ber-reinforced composites. As considered in a previous report 9) , the decrease in the surface roughness by the nonmetallic reinforcement is probably due to the fact that the bers suppressed the formation of the BUE and the accretions on the rake face. A difference in the surface roughness values after machining these two composites was hardly recognized in this study. This indicates that the carbon ber used in this study has a similar role in decreasing the BUE as the alumina ber. The experimental values of the machined surface roughness were only slightly higher or almost the same in comparison to the theoretical roughness values under the various cutting depths and cutting speeds in this study, and this also indicates that the formation of the BUE is hardly formed for the composites. These facts would lead to the result shown in Fig. 7 ; the ber-reinforcement decreased the surface roughness. On the other hand, the formation of the BUE generally decreases the cutting resistance 12) , and the results in this study con ict with the general ndings; the cutting force of the composites was lower than that of the AC8A alloy. As considered in the previous report 9) , the alumina ber in the composite generates a high stress concentration as an inclusion when the tool edge contacted the ber during the initial stage of the machining. The carbon ber used in this study has also the same effect and this effect would promote the shear failure of the ber and lead to a decrease in the cutting force of the alloy, as shown in Figs. 4-6 . The bers in the alloy would also act as the reinforcement for increasing the strength of the alloy, and the increase in the strength would require the higher cutting force. That indicates the increase in the V f increased the shear strength to form the chip during the latter stage of the machining. As shown in Fig. 5 , the F c of the composite with the 40 vol% carbon ber was almost the same value as that of the composite with the 25 vol% carbon ber. This result would be due to the offset effect of the ber between the initial and latter stages of the machining.
The effect of the ber as a stress concentration point would also promote a division in the chips which leads to the formation of the powdery chips, as shown in Fig. 9 . It should be noted that the cutting force of the carbonber-reinforced composite was lower than that of the alumina ber-reinforced composite, as shown in Fig. 4 . Additionally, the tool wear was drastically reduced by replacing the alumina ber with the carbon ber. These results would be due to the solid lubricant effect of the carbon ber. Daoud 13) reported that the worn surface of the carbon ber-reinforced aluminum alloy composite under the dry sliding wear rubbed against a steel counterface was covered by a carbon lm, and this leads to preventing the metal-to-metal contact and acts as a solid lubricant, resulting in the decrease in the wear loss of the aluminum alloy. Although the condition in this study is different from that report, the reinforcement with the carbon ber in this study would have a similar effect as the solid lubricant to decrease the cutting resistance and the tool wear.
Conclusions
The effects of the reinforcement with the pitch-based carbon bers on the turning machinability of the AC8A alloy were investigated. The following conclusions were obtained.
(1) The reinforcement with carbon bers decreased the cutting resistance of the AC8A alloy. The resistance value was lower than that of the composite reinforced with hard alumina bers. The carbide tool wear was not observed even if the composite underwent a machining of 2 km, whereas tool wear was obviously observed for the machining of the alumina ber-reinforced composite under the same conditions. These results indicates that the carbon bers in the alloy act as a solid lubricant. (2) The roughness of the machined surface of the AC8A alloy decreased due to the carbon ber reinforcement. The experimental values of the roughness approached the theoretical values due to the ber reinforcement. (3) Chips formed by machining the composite were ne and powdery, whereas the chips formed by machining the AC8A aluminum alloy were continuous. (4) Based on the cutting resistance, surface roughness, chip morphology and tool wear, a low-cost carbide tool could be used for turning the composite.
